The early transcriptional defense responses and reactive oxygen species (ROS) production in Arabidopsis (Arabidopsis thaliana) cell suspension culture (ACSC), containing functional chloroplasts, were examined at high light (HL). The transcriptional analysis revealed that most of the ROS markers identified among the 449 transcripts with significant differential expression were transcripts specifically up-regulated by singlet oxygen ( 1 O 2 ). On the contrary, minimal correlation was established with transcripts specifically up-regulated by superoxide radical or hydrogen peroxide. The transcriptional analysis was supported by fluorescence microscopy experiments. The incubation of ACSC with the 1 O 2 sensor green reagent and 2#,7#-dichlorofluorescein diacetate showed that the 30-min-HL-treated cultures emitted fluorescence that corresponded with the production of 1 O 2 but not of hydrogen peroxide. Furthermore, the in vivo photodamage of the D1 protein of photosystem II indicated that the photogeneration of 1 O 2 took place within the photosystem II reaction center. Functional enrichment analyses identified transcripts that are key components of the ROS signaling transduction pathway in plants as well as others encoding transcription factors that regulate both ROS scavenging and water deficit stress. A meta-analysis examining the transcriptional profiles of mutants and hormone treatments in Arabidopsis showed a high correlation between ACSC at HL and the fluorescent mutant family of Arabidopsis, a producer of 1 O 2 in plastids. Intriguingly, a high correlation was also observed with ABA deficient1 and more axillary growth4, two mutants with defects in the biosynthesis pathways of two key (apo)carotenoid-derived plant hormones (i.e. abscisic acid and strigolactones, respectively). ACSC has proven to be a valuable system for studying early transcriptional responses to HL stress.
The early transcriptional defense responses and reactive oxygen species (ROS) production in Arabidopsis (Arabidopsis thaliana) cell suspension culture (ACSC), containing functional chloroplasts, were examined at high light (HL). The transcriptional analysis revealed that most of the ROS markers identified among the 449 transcripts with significant differential expression were transcripts specifically up-regulated by singlet oxygen ( 1 O 2 ). On the contrary, minimal correlation was established with transcripts specifically up-regulated by superoxide radical or hydrogen peroxide. The transcriptional analysis was supported by fluorescence microscopy experiments. The incubation of ACSC with the 1 O 2 sensor green reagent and 2#,7#-dichlorofluorescein diacetate showed that the 30-min-HL-treated cultures emitted fluorescence that corresponded with the production of 1 O 2 but not of hydrogen peroxide. Furthermore, the in vivo photodamage of the D1 protein of photosystem II indicated that the photogeneration of 1 O 2 took place within the photosystem II reaction center. Functional enrichment analyses identified transcripts that are key components of the ROS signaling transduction pathway in plants as well as others encoding transcription factors that regulate both ROS scavenging and water deficit stress. A meta-analysis examining the transcriptional profiles of mutants and hormone treatments in Arabidopsis showed a high correlation between ACSC at HL and the fluorescent mutant family of Arabidopsis, a producer of 1 O 2 in plastids. Intriguingly, a high correlation was also observed with ABA deficient1 and more axillary growth4, two mutants with defects in the biosynthesis pathways of two key (apo)carotenoid-derived plant hormones (i.e. abscisic acid and strigolactones, respectively). ACSC has proven to be a valuable system for studying early transcriptional responses to HL stress.
Oxygenic photosynthesis is the biological process that sustains life on Earth. In this light-driven reaction, water is split and molecular oxygen is released as a byproduct. The molecular oxygen that accumulates in the atmosphere is vital for aerobic organisms, but it can also become a precursor of (undesirable) reactive oxygen species (ROS) that can induce oxidative damage in cells and therefore place the life of aerobic organisms in jeopardy (Halliwell, 2006) . In plants, ROS can be generated during photochemical energy conversion. High light (HL) is a stress factor responsible for direct inhibition of the photosynthetic electron transport chain in chloroplasts, leading to the generation of ROS in several locations: singlet oxygen ( 1 O 2 ) in PSII, superoxide radical (O 2 ·2 ) in PSI, and hydrogen peroxide (H 2 O 2 ) in the chloroplast stroma and also in peroxisomes through the photorespiratory cycle (Niyogi, 1999; Asada, 2006) . Consequently, plants are obliged to cope with ROS generation in order to maintain plastid redox homeostasis. Together with the ROS detoxification pathways in chloroplasts, there are other active ROS fronts in organelles such as mitochondria and peroxisomes as well as in other plant cell compartments such as the cytosol, the apoplast, and the cell wall that also require strict control (Apel and Hirt, 2004; Gechev et al., 2006) . Although all these detoxification pathways seem to indicate that ROS play a detrimental role in plant cells, ROS generation can become an advantage rather than a drawback in the regulation of multiple biological processes in plants (Mittler et al., 2004; van Breusegem et al., 2008) . ROS are known to be key signaling molecules in growth, developmental processes, stress adaptation, and programmed cell death in plants (Foyer and Noctor, 2005a; Bell et al., 2009) .
Over the last decade, much progress has been made in plant ROS signaling under stress conditions that provoke changes in the redox homeostasis of plant cells (Foyer and Noctor, 2005b) . Since several ROS are generated under HL conditions, a direct correspondence between the accumulation of a specific ROS and the observed changes in transcript expression is not straightforward. The analysis of various transcriptional profiles of transgenic Arabidopsis (Arabidopsis thaliana) plants with compromised levels of specific antioxidant enzymes and the identification of the conditional fluorescent (flu) mutant have shed much light on the specific effects of 1 O 2 , O 2 ·2 , and H 2 O 2 (Gadjev et al., 2006) . In that study, various transcripts were specifically regulated by 1 O 2 , O 2
·2
, or H 2 O 2 , but others were identified as general ROS response markers. At the same time, a significant number of transcripts encoding WRKY, zinc finger type, MYB, AP2, and ERF transcription factors were overrepresented. Some of these transcription factors are known to play multiple roles in regulating redox homeostasis, cell development, and cell defense, all biological processes tied to ROS signaling events (Mittler et al., 2004, Ü lker and Somssich, 2004; Davletova et al., 2005; Khandelwal et al., 2008) .
Recent studies in photooxidative stress in plants have shown that 1 O 2 is the main ROS involved in the damage of leaf tissues (Triantaphylidès and Havaux, 2009) . The main sites of 1 O 2 production are chlorophyll-containing photosynthetic complexes and the reaction center of PSII (Rinalducci et al., 2004; Krieger-Liszkay et al., 2008) . By contrast, 1 O 2 does not seem to be produced at any significant level in PSI . The 1 O 2 production in the flu mutant occurs because protochlorophyllide accumulates in the thylakoids (Meskauskiene et al., 2001) , but unlike in wild-type plants, the production is not associated with excess energy excitation in PSII (Mullineaux and Baker, 2010) . In this study, we present Arabidopsis cell suspension cultures (ACSCs), containing functional chloroplast, as a valuable cellular system in which to investigate ROS production at HL. These conditions are expected to overreduce the photosynthetic electron transport chain in ACSC and to launch the production of 1 O 2 , O 2 ·2 , and H 2 O 2 in chloroplasts. Some of the ideal characteristics of ACSC for the analysis of early transcriptional responses include uniformity, homogeneity, repeatability, the absence of developmental processes, and slow systemic effects between cells (Menges et al., 2003) .
Our transcriptional analysis has led us to conclude that 1 O 2 is the major ROS in ACSC under HL stress and that the 1 O 2 production is responsible for a transcriptional response that notably resembles the transcriptional profile of the flu mutant family and, intriguingly, the ABA deficient1 (aba1) and more axillary growth4 (max4) mutants, characterized with the blockade of the biosynthesis pathways of two (apo)carotenoidderived phytohormones: abscisic acid (ABA) and strigolactones, respectively. Similarities and differences between ACSC under HL stress and the above Arabidopsis mutants are discussed.
RESULTS

Functioning of Chloroplasts in ACSC
The functioning of the photosynthetic electron transport chain in ACSC was evaluated by following changes in oxygen evolution rate and PSII quantum efficiency during cellular growth. In brief, the "green" ACSC grew with a doubling time of about 5 d and had a cell density of 150 to 200 mg mL -1 at the beginning of the stationary phase. In the dark, the mitochondrial respiration rate of ACSC was very active during the lag phase but gradually diminished during cellular growth (Fig. 1) . In contrast to the respiration rate, the oxygen evolution rate was slow during the lag phase, achieving a minimum level around day 5 after subculturing. From that point onward, the oxygen evolution rate increased gradually during the log phase, reaching a maximum level when the cellular growth moved into the stationary phase, where the oxygen evolution rate exceeded the respiration rate (Fig. 1) . The chlorophyll a/b ratio was 3.8 6 0.2 after 9 d of growth. The quantum efficiency of PSII (F v /F m ) in ACSC followed a pattern similar to the one described for the oxygen evolution rate, and its maximum level reached a value of 0.65 (Fig. 1) . The above results provide evidence to support that the photosynthetic electron transport chain in chloroplasts of ACSC is functional, although a large percentage of nonreducing Q B (for secondary electron-accepting plastoquinone of PSII) complexes are expected to be present in their thylakoid membranes (see "Discussion"). ).
Additionally, the oxygen evolution of ACSC after the HL treatment (1,800 mE m -2 s -1 ) was monitored to determine the extent of the overreduction of the photosynthetic electron chain. The results depicted in Supplemental Figure S1 show that the rate of oxygen evolution of ACSC did not change when it was measured at a light irradiance of 300 mE m -2 s -1
, but it decreased to about 75% of the initial value if the light irradiance of 1,800 mE m -2 s -1 was maintained in the oxygen electrode chamber. This means that the photosynthetic electron chain partly became overreduced during the HL treatment, but ACSC could recover the original rate of oxygen evolution when the HL treatment ceased.
Reverse Transcription-PCR Analysis of Selected Transcripts Responding to Early ROS Generation
Changes in the expression profile for the selected ROS markers are shown in Figure 2 . Short times of 10 and 30 min were selected to avoid the accumulation of slowly induced ROS that could blur the evolution of early changes in transcript expression. Additionally, the changes for each marker were examined when cultures shifted from low light (LL; 50 mE m -2 s -1 ) to HL (1,800 mE m -2 s -1
) and from 1 h of dark to HL conditions. Two main conclusions were drawn from the results depicted in Figure 2 . First, the fold change in expression for the 1 O 2 marker At5g64870 (a nodulinlike protein transcript, NOD) was higher than that for the other two markers after 30 min under HL stress; second, the fold change for NOD was even more pronounced when shifting from 1 h of dark to HL. The H 2 O 2 marker At4g10500 [a 2-oxoglutarate-Fe(II) oxygenase family transcript, 2-OXO] as well as the general abiotic stress marker At2g43510 (a defensin-like family transcript, DEF) reached 2-fold changes in transcript expression after 1 h of HL treatment. Therefore, the incubation time of 30 min was found to be optimum for further transcriptional analysis of the 1 O 2 -mediated stress responses in ACSC using DNA microarrays.
Transcriptional Profiling of ACSC under HL Stress
To further characterize the ROS-mediated responses of ACSC to HL, a whole-genome transcriptional profile analysis was performed using Affymetrix GeneChip Arabidopsis genome ATH1 arrays. Basically, nine microarray experiments were designed and classified as follows: control (1-3) with a light irradiance of 50 mE m -2 s -1
, 1-h dark (1-3), and HL (1-3) with a light irradiance of 1,800 mE m -2 s -1 , where the numbers 1 to 3 indicate the number of biological replicates (Gene Expression Omnibus database under accession no. GSE22671). Principal components analysis (PCA) was used in exploratory data analysis and showed that much of the variability of the nine microarray experiments could be depicted in a PCA plot of two components, where the three HL conditions were grouped together in the top right quadrant (Supplemental Fig.  S2 ). After data normalization, the package Limma identified a total of 449 transcripts differentially expressed with an adjusted value of P , 0.05 when ACSC shifted from 1-h dark to HL for 30 min (Supplemental Table S1 ). There were 418 up-regulated transcripts (approximately 93%) and only 31 downregulated transcripts (approximately 7%) among the total number of transcripts exhibiting differential expression. Intriguingly, it is worth noting that there were no significant changes in the transcriptional profile (adjusted P , 0.05) when ACSC shifted from control conditions (50 mE m -2 s -1 ) to 1-h dark (data not presented).
Functional Classification of Transcripts
The independent studies by Mittler et al. (2004) and Gadjev et al. (2006) compile comprehensive lists of ROS transcripts. Some of these transcripts are specifically up-regulated by one type of ROS, whereas other transcripts can be up-regulated by several types of ROS. The list of the 418 up-regulated transcripts in ACSC at HL was compared with the above lists, and the common transcripts are displayed in Camp et al., 2003) showed that more than 50% of the up-regulated transcripts in the flu mutant also formed part of the 418 upregulated transcripts in ACSC at HL. This result was further confirmed in a hierarchical clustering analysis (see below), where the coexpression relationship between transcripts in a subset of different conditions was scrutinized.
Only 31 transcripts were down-regulated in ACSC under HL stress; however, none of these were found in the list of transcripts specifically down-regulated in the flu mutant. Instead, three out of 31 down-regulated transcripts in ACSC under HL stress were present in the list of transcripts specifically up-regulated by O 2 ·2 and H 2 O 2 (At4g03510, At1g14890, and At1g19200; Gadjev et al., 2006) .
For a better understanding of the effect of the HL treatment on ACSC, we extracted further information through several Web-based applications. FatiGO was used to find Gene Ontology (GO) terms that were overrepresented and underrepresented in the list of the 418 up-regulated transcripts with regard to the rest of the Arabidopsis genome. A summary of the GO biological processes that were overrepresented and underrepresented is given in Supplemental Table S2 . The most represented terms in the functional enrichment were associated with responses to several types of abiotic and biotic stresses, water stress deficit and hormone stimuli, and the hypersensitive response. A search for key components of the plant ROS signaling cascade (Mittler et al., 2004) in the list of the 418 upregulated transcripts revealed several transcripts encoding calcium-binding proteins, lipases, kinases, and transcription factors (Fig. 3) . The number of transcripts encoding transcription factors was remarkably large (approximately 80), representing several transcription factor families (i.e. HSF, NPR, zinc finger, WRKY, MYB, RAV, AP2, ERF, NAC, DRE/CRT, and DREB). The motif names for the transcription factors are given in Supplemental Table S3 . Whereas the transcript expression of HSF, NPR, zinc finger, WRKY, MYB, and RAV transcription factor families is known to be enhanced by several types of ROS (Mittler et al., 2004; Wu et al., 2009) , the transcript expression of the rest of the transcription factor families was mediated by 1 O 2 (AP2, ERF, DREB, and NAC) or by water stress (DREB, DRE/CRT; and NAC; see "Discussion"). Additionally, we also made use of FatiScan in an attempt to find a more general functional interpretation. This method detects significantly up-or down-regulated blocks of functionally related transcripts in the complete list of Arabidopsis genes (approximately 22,000) ordered by differential expression. The results summarized in Supplemental Figure S3 show that the most overrepresented biological processes in ACSC under HL stress were those associated with signaling mediated by hormones such as ethylene (ET), jasmonate (JA), and salicylic acid (SA), water stress, and cell death.
Microarray Data Validation by Reverse Transcription-PCR
As depicted in Supplemental Figure S4 , all the transcripts selected for the microarray validation showed similar fold changes in expression after the dark-HL transition when compared with their levels of expression on the microarrays. Except for the transcripts 2-OXO and DEF, all the selected transcripts showed statistically significant changes in their expression under HL stress (adjusted P , 0.05).
ROS Detection in ACSC under HL Stress
The production of 1 O 2 and H 2 O 2 was evaluated in situ by fluorescence microscopy using the singlet oxygen sensor green (SOSG) reagent and 2#,7#-dichlorofluorescein diacetate (DCFH-DA) as fluorescence probes. As shown in Figure 4 , the SOSG reacted to In contrast to SOSG, no fluorescence emission from DCFH-DA was detected in Arabidopsis cells subjected to a 30-min HL treatment. When ACSC was exposed to longer HL treatments (i.e. 45 min), a few Arabidopsis cells had the distinctive green fluorescence emission of DCFH-DA (Fig. 5 ). The effect of the HL treatment was contrasted with the effect caused by 1 mM SA at LL (positive control). The comparison showed that Arabidopsis cells treated with 1 mM SA exhibited a more intense green fluorescence emission. The intracellular concentration of H 2 O 2 was also measured spectrophotometrically in ACSC under HL stress. The results indicated that the intracellular concentration of H 2 O 2 was 0.25 6 0.04 nmol g -1 (wet weight) ACSC at LL; however, no significant variation in the H 2 O 2 concentration was observed after the HL treatment: 0.26 6 0.04 nmol g -1 (wet weight) ACSC. In contrast, a 2-fold increase in the intracellular concentration of H 2 O 2 was induced (i.e. 0.46 6 0.05 nmol g -1 [wet weight] ACSC) when 1 mM SA was added to the culture medium at LL (Fig. 5G ).
D1 Photodamage in ACSC under HL Stress
In order to test experimentally that 1 O 2 was the predominant ROS responsible for the observed transcriptional defense responses, we also attempted to detect its production indirectly following the photodamage of the D1 protein of the PSII reaction center in ACSC under HL stress. The progress of the in vivo photodamage of D1 was detected by western blot (Fig.   6 ), and the decrease in the intensity of the D1 band indicates that 1 O 2 must be responsible for the D1 photodamage. The intensity of the immunodetected band of the D1 protein decreased to about 70% and 50% of the initial value after 10 and 30 min of HL treatment, respectively (Fig. 6B ). Other ROS have also been proposed to be responsible for the photodamage of the D1 protein; however, the concentration of such ROS or the polypeptide pattern of the degradation products of the D1 protein did not match with those found under our experimental conditions (see "Discussion").
Selection of Key Mutants and Hormone-Treated Plants for Meta-Analysis
Prior to meta-analysis, the 418 up-regulated transcripts identified in ACSC under HL stress were subjected to comparative analysis using the biclustering tool of Genevestigator (Hruz et al., 2008) . As expected, the comparative analysis yielded a very high correlation between the up-regulated transcripts in our study and those found in the flu mutant family of Arabidopsis (data not shown). Unexpectedly, a high correlation was also observed with the (apo)carotenoid biosynthesis pathway-deficient mutants aba1 and max4 of Arabidopsis. Therefore, all the above mutants were selected for further analysis, together with the O 2 ·2 -producing mutant over-tAPX. Additionally, microarray data from experiments with wild-type plants of Arabidopsis treated with hormones such as ABA, the ethylene intermediate 1-aminocyclopropane-1-carboxylic acid (ACC), SA, and methyl jasmonate (MeJA) were also selected for meta-analysis based on our functional enrichment analysis explained above.
Meta-Analysis
In order to gain insight into the coregulation patterns on transcript expression profiles, we performed a hierarchical clustering analysis of transcripts differen- ; C and F) conditions. The production 1 O 2 was detected using the SOSG reagent. The top panels are bright-field images and the bottom panels are fluorescence images following excitation at 488 nm with an argon laser and an RSP500 excitation beam splitter. Bar = 25 mm.
tially expressed in response to HL as compared with several flu and hormone-deficient mutants and hormone-treated plants of Arabidopsis. The list of these 305 transcripts, which were selected based on the signal log 2 ratios (up-regulation when 1 or greater, down-regulation when -1 or less), is given in Supplemental Table S4 , together with their corresponding coregulated transcripts. An image of the clustering analysis is represented in Figure 7 .
As summarized in Supplemental Figure S5A , 214 out of the 297 (72%) up-regulated transcripts selected from ACSC at HL were also up-regulated in the flu mutant. A similar percentage was also observed by comparison with the flu/over-tAPX mutant, as 217 out of the 297 (73%) up-regulated transcripts were found to be coregulated. Indeed, Pearson's correlation was observed to be high between the ACSC at HL and the two flu mutants (Supplemental Table S5 ). In contrast, no significant correlation was observed when ACSC at HL was compared with over-tAPX (Supplemental Table  S5) . Surprisingly, a cluster of coregulated transcripts was also observed when compared with the aba1 and max4 mutants (Supplemental Fig. S5B ). Two hundred six out of the 297 (69%) up-regulated transcripts selected in the HL cultures were found to be coregulated in max4. Similarly, 183 out of 297 (62%) up-regulated transcripts were also up-regulated in aba1. Pearson's correlation was also observed to be high between the ACSC at HL and the aba1 and max4 mutants (Supplemental Table S5 ). When the clustering analysis was carried out by comparison with the hormone-treated plants, approximately only 15% of the 297 up-regulated transcripts were found to be coregulated in the treatments with ABA (42 out of 297) and SA (45 out of 297). A lower percentage was even observed when compared with the MeJA-and ACC-treated plants. No significant coregulation was found between the HL cultures and Arabidopsis plants exposed to hormones (Supplemental Table S5 ). Further analysis showed that only 22 out of the 297 selected transcripts were specifically up-regulated in ACSC at HL (Table II) . Within this list, two transcripts (At5g39580 and At1g14540) encoding peroxidases were identified.
The 305 transcripts differentially expressed in HL cultures were also classified according to the Classification SuperViewer bioinformatic tool. Prior to analysis, the transcripts were assigned to four different categories: A, coregulation in flu, flu/over-tAPX, aba1, and max4; B, coregulation in flu and flu/over-tAPX; C, coregulation in aba1 and max4 (Table III) ; and D, specific coregulation in HL cultures (Table II) . As shown in Figure 8 , A to C, the functional gene enrichment was mainly associated with the response to abiotic or biotic stimulus for categories A to C. Interestingly, most of the stress-related transcripts were associated with the response to ABA stimulus and water deprivation. Analysis of transcripts specifically up-regulated in HL cultures (i.e. not responsive to hormonal treatments or selected mutants) showed that most of the induced transcripts belong to a major category: electron transport or energy pathways (Fig. 8D ).
DISCUSSION
Functioning of Chloroplasts in ACSC
The functioning of chloroplasts in ACSC was first investigated before the cells were subjected to HL stress. The oxygen evolution rate was observed to increase gradually during growth, and it is worth noting that no electron acceptors were added to ACSC during the measurement of the Hill reaction. Thus, the water-toferredoxin (and from there to NADP + ) reaction provides evidence to support that the photosynthetic electron transport chain of thylakoid membranes in ACSC was active. However, other physiological parameters indicated that chloroplasts were not completely mature. In particular, the maximum value for the F v /F m ratio (approximately 0.6) was lower than the one (0.83) determined for healthy and mature chloroplasts of green leaves (Björkman and Demmig, 1987) , suggesting the presence of nonreducing Q B PSII complexes in the thylakoid membranes due to slow activation and/or slow development of the oxygen-evolving complex (Lebkuecher et al., 1999) . Additionally, the chlorophyll a/b ratio was higher (approximately 3.8) than the same ratio (3.5) for mature chloroplasts of many higher plants. These results were in accordance with the study by Doyle et al. (2010) , where chloroplasts from ACSC and Arabidopsis leaves were compared, and the former were found both to be smaller and less regular on average and to contain a lower quantity of grana. Despite all this, chloroplasts in Arabidopsis cultures are able to sense environmental changes and to activate nucleus-encoded genes in a manner similar to that described in whole plants exposed to environmental stresses (Piñ as-Fernández and Strand, 2008) . For example, Oswald et al. (2001) observed changes in the transcriptional expression of some nucleus-encoded photosynthetic genes when the photosynthetic electron transport chain was inhibited by 3-(3,4-dichlorophenyl)-1,1-dimethylurea, and Doyle et al. (2010) proposed an interplay between light, chloroplast, ROS, and nuclear protein synthesis during the apoptosis-like programmed cell death of the Arabidopsis culture. All these results, together with the results discussed below, show that the chloroplast-to-nucleus communication is functional in ACSC under stress conditions.
ROS Production in ACSC
Our study has proven that chloroplasts in ACSC sense HL stress and initiate a signaling cascade that leads to the up-and down-regulation of a set of approximately 449 transcripts with functions associated with different types of cellular defense responses. HL stress is responsible for the photosynthetic photoinhibition and concomitant enhancement of ROS production in chloroplasts, where 1 O 2 is proposed to be the major ROS generated under excess light conditions (Triantaphylidès et al., 2008; Triantaphylidès and Havaux, 2009 ). The oxygen evolution rate measured in ACSC clearly indicated that PSII was active in chloroplast thylakoids, although some PSII complexes were unable to reduce Q B . This means that 1 O 2 can be generated by the radical pair mechanism (Takahashi et al., 1987) in both types of PSII, because either the acceptor side of PSII is overreduced by HL or PSII is simply nonactive. In addition, O 2 ·2 and H 2 O 2 production is also possible if PSI electron acceptors remain reduced in the chloroplast stroma (Fryer et al., 2003) .
In our attempt to determine experimentally what type of ROS was produced in ACSC, we made use of fluorescence probes that react with 1 O 2 or H 2 O 2 . SOSG has been successfully used to detect 1 O 2 in leaves of wild-type and flu mutant plants under certain experimental conditions (Flors et al., 2006) . Our results showed that the HL treatment also induced green fluorescence emission in ACSC at HL when the cell cultures were incubated with SOSG, indicating that there was a chemical reaction between the fluorescence probe and 1 O 2 . A similar result was observed when bromoxynil was added to block electron transport on the acceptor side of PSII (Fufezan et al., 2002) .
Briefly,
1
O 2 production has also been observed at LL (30 mE m -2 s -1 or less) or under illumination with widely spaced, single-turnover flashes (Keren et al., 1997; Vass and Cser, 2009 ) based on the inherent pigment-binding properties of the PSII reaction center. In fact, a very faint green fluorescence is observed in ACSC at LL when the cell culture is incubated with SOSG. However, no significant changes in the transcriptional profile of ACSC were observed after 1 h in the dark, a considerable period of time during which the basal 1 O 2 production must stop, and consequently, no conclusions were drawn about a signaling role of 1 O 2 at LL in ACSC. When DCFH-DA was used instead, green fluorescence emission was not observed during the first 30 min of HL treatment, but it was observed in a few Arabidopsis cells after 45 min, indicating that the induction of H 2 O 2 production required a longer incubation time. This latter result was further supported when the intracellular concentration of H 2 O 2 was measured and no significant changes in the concentration of H 2 O 2 were determined between ACSC at LL and HL conditions.
Further evidence supporting that 1 O 2 was the major ROS produced under our experimental conditions came from the fact that the D1 protein was partially damaged during the HL treatment. Photodamage of the D1 protein is known to take place under aerobic conditions, when the triplet state of the primary oxidant, P680, is quenched by molecular oxygen and, subsequently, 1 O 2 reacts with D1 (Aro et al., 1993; Mishra et al., 1994) . Photodamage of the D1 protein is also present in preparations of PSII treated with H 2 O 2 or O 2 ·2 . However, the H 2 O 2 concentrations required to induce D1 degradation were found to be in the millimolar range (Miyao et al., 1995) . Since the intracellular concentration of H 2 O 2 is well below the millimolar range and does not vary during the HL treatment, it is very unlikely that H 2 O 2 can be responsible for the D1 photodamage under our experimental conditions. Additionally, O 2 ·2 is known to trigger the degradation of the D1 protein following a pathway that differs from the acceptor-side damage of PSII at HL . In this pathway, D1 degradation appears in parallel with the specific C-terminal fragments of D1 in the 17-to 19-kD region. A close inspection of the western-blot analysis of ACSC at HL did not reveal the formation of C-terminal fragments of D1 in that region.
All this supports the idea that 1 O 2 was generated within the PSII reaction center and was the major ROS responsible for the early transcriptional defense responses triggered in ACSC under HL stress.
Comparison between the Transcriptional Profiling of ACSC at HL and the flu Mutant
In our search for transcripts up-regulated by ROS, we found a significant number of transcripts described as specifically up-regulated by 1 O 2 , all of them present in the flu mutant (Gadjev et al., 2006) . On the contrary, our search for transcripts specifically up-regulated by O 2 ·2 and H 2 O 2 only rendered four (Table I ). This finding is in agreement with the results presented by op den Camp et al. (2003) , who also reported that O 2 ·2 and H 2 O 2 did not interfere with the early stress responses of the flu mutant after the dark/light transition. Despite the substantial differences in the experimental approach between using the flu mutant or ACSC at HL to investigate the 1 O 2 -mediated stress responses of plant cells, we found that the cellular transcriptional responses in both studies were similar in many respects, but not in all. The localization of PSII and protochlorophyllide in thylakoids of the flu mutant (Meskauskiene et al., 2001; Przybyla et al., 2008) suggests that the first steps in the 1 O 2 -mediated signaling cascade are equivalent in both systems. This argument finds some support from the fact that several transcripts involved in either the biosynthesis or the signaling pathway of two phytohormones, ET and JA, are up-regulated in both the flu mutant (Danon et al., 2005; Kim et al., 2008) and ACSC under HL stress. In the first instance, the up-regulated transcripts involved in the biosynthesis or signaling pathway of ET closely coincide with those reported in the flu mutant (Danon et al., 2005) , although there were a few more ERF transcripts (ERF4, ERF11, and ERF13) up-regulated in ACSC under HL stress. ERF1 was also induced, suggesting a direct induction by ET/JA (Lorenzo et al., 2003) , while other ERF transcripts could also be induced by other phytohormones or stress conditions (Wang et al., 2002) . With regard to JA, At1g17420, encoding a chloroplast-located lipoxygenase 3 with a key role in the biosynthesis pathway of oxylipins, was up-regulated in ACSC. There were also other transcripts encoding proteins with functions related to JA signaling, such as (1) At5g45110, the product of which is an NPR1-like protein, a type of transcriptional regulator proposed to be involved in the redox-dependent transmission of oxylipin signals (Böttcher and Pollmann, 2009); (2) At1g19180 (JAZ1) and At1g17380 (JAZ5), two members of the recently identified JAZ family of negative regulators that respond to JA stimulus (Chini et al., 2007) ; and (3) At3g50260 (CEJ1), which encodes a transcription factor whose expression is cooperatively regulated by ET and JA (Nakano et al., 2006) . Additionally, At1g02920, At1g02930, At1g69920, and At1g74590 were all upregulated; these four transcripts encode glutathione S-transferase enzymes belonging to the phi and tau classes, where the glutathione S-transferase tau family is known to catalyze the reaction between the oxylipin 12-oxo-phytodienoic acid and reduced glutathione (Bö ttcher and Pollmann, 2009). In contrast to ET and JA, the set of early up-regulated transcripts of ACSC at HL did not include any transcript that could suggest that SA biosynthesis was triggered. We found a short list of transcripts, most of them encoding MYB and WRKY transcription factors and the BON association protein 1, that responded to SA stimulus but also to other hormones or stress stimuli. Specifically, there is no indication for the early up-regulated transcript At3g48090 encoding the enhanced disease susceptibility protein 1 (EDS1), a lipase implicated in the release of polyunsaturated fatty acids needed for the biosynthesis of oxylipins (Ochsenbein et al., 2006) . EDS1 is required for SA accumulation in the flu mutant during the 1 O 2 -mediated stress response. In our transcriptional analysis, there are three early up-regulated transcripts (At1g30370, At1g56670, At5g50890) encoding lipases in ACSC. At5g50890 encodes a pathogen-inducible lipase protein belonging to subgroup III (Jakab et al., 2003) , as does At1g30370, but there is no evidence to support the contention that either can regulate the biosynthesis or accumulation of SA in the absence of EDS1. This represents a significant difference with respect to the flu mutant, and it means that the induced resistance response in ACSC at HL mainly relies on pathways mediated by ET and JA but not by SA, whose cellular accumulation is usually associated with systemic acquired resistance in plants (Durrant and Dong, 2004) .
While medium light irradiance (80-100 mE m -2 s ) to observe a similar transcriptional defense response in ACSC. Such a difference in the light irradiance has important implications. Specifically, the SAmediated systemic acquired resistance pathway does not operate at high irradiance because SA does not accumulate (Zeier et al., 2004; Bechtold et al., 2005) , explaining why the EDS1-dependent signaling is not activated in ACSC under HL stress. Instead, there are three up-regulated transcripts, At3g20600, At2g35980, and At5g06320, encoding NDR1 (for non-race-specific resistance 1) or NDR1-like proteins, known to mediate EDS1-independent systemic acquired resistance (Bechtold et al., 2005) and to play a role in hypersensitive responselike cell death.
The induced transcriptional stress response of ACSC under HL stress includes approximately 80 transcription factors (zinc finger, WRKY, MYB, HSF, NPR, and RAV), the expression of which is mediated by several types of ROS (Mittler et al., 2004) . A few transcription factors of the above families, together with other transcription factors belonging to the ERF, AP2, and DREB families, are up-regulated in ACSC. Some of these transcription factors are known to be specifically upregulated in the flu mutant (Gadjev et al., 2006) , reconfirming the view that 1 O 2 is the major ROS in our study. However, the set of up-regulated transcription factors includes others that are not well represented in the flu mutant. Five of these belong to the NAC family, and one is a DRE/CRT transcription factor. The NAC transcription factor named ATAF1 (At1g01720) and DRE/CRT are characterized by their high transcriptional activation in response to water deficit stress (Sakuma et al., 2006; Lu et al., 2007; Wu et al., 2009 ). At present, the reason why these types of transcription factors are up-regulated in ACSC is not clear, where presumably water is not a limiting factor. Recently, it has been suggested that plants are more sensitive to drought when ROS-scavenging mechanisms are deficient in chloroplasts (Miller et al., 2010) .
In addition to the above set of transcription factors, there are other key components in ROS signaling pathways and calcium regulation with significant changes in transcript expression, for example, protein kinases (Ser/Thr kinase, OXI1, mitogen-activated protein kinase family) and calmodulin-binding proteins. This shows that the generalized model of ROS signaling transduction pathway proposed by Mittler et al. (2004) is also induced by 1 O 2 and provides an insight into the complexity of the signaling cascade mediated by this type of ROS (Kim et al., 2008) . However, as stated above, it is worth noting that in our experimental conditions, there were very few transcripts that were either specifically up-regulated by H 2 O 2 and O 2 ·2 or encoded enzymes involved with ROS synthesis or scavenging, suggesting some signaling cross-talk and an antagonistic interaction between 1 O 2 and the other types of ROS. This cross-talk is present in the flu/overtAPX mutant, where antagonism by H 2 O 2 is shown by an enhanced expression of early-activated transcripts by 1 O 2 (Laloi et al., 2007) . Intriguingly, the number of clustered transcripts between ACSC at HL and the flu/ over-tAPX mutant was found to be largest when compared with other members of the flu mutant family. Besides, several transcription factors of the NAC family up-regulated in ACSC under HL stress are also up-regulated in flu/over-tAPX (ATAF1, At3g49530, and At5g63790).
Coregulation of the aba1 and max4 Mutants with ACSC at HL Further meta-analysis was performed by comparison with wild-type plants exposed to hormones including ABA, ACC, SA, and MeJA. These hormones are known to be involved in the regulation of stress responses to abiotic and biotic stimuli and cell death. Indeed, they were present in the GO biological process terms found to be significantly overrepresented in ACSC under HL stress. However, no significant coregulation was observed between the HL cultures and the hormonetreated Arabidopsis plants in the clustering analysis. Only 15% of the up-regulated transcripts identified in ACSC were found to be coregulated in plants exposed to ABA and SA. In contrast, a significant and unexpected coregulation of early HL stress-induced transcripts was found with the aba1 and max4 mutants. Zeaxanthin epoxidase, the product of the ABA1 gene of Arabidopsis, catalyzes the epoxidation of zeaxanthin to antheraxanthin and violaxanthin, generating the epoxycarotenoid precursor of the ABA biosynthetic pathway (Koornneef et al., 1982; Ishitani et al., 1997; Niyogi et al., 1998; Xiong et al., 2001) . Therefore, the aba1 mutant accumulates zeaxanthin. In addition, the Arabidopsis MAX4 (AtCCD8) gene encodes a plastidtargeted carotenoid cleavage dioxygenase involved in the production of strigolactones (Sorefan et al., 2003) . These compounds belong to the carotenoid-derived terpenoid lactones, previously shown to be involved in shoot branching, mycorrhizal interactions, and seed germination of the Striga plant parasite (Akiyama et al., 2005; Humphrey and Beale, 2006; Hayward et al., 2009 ). The corresponding max4 mutant is thus deficient in the production of strigolactones.
In our analysis, we have identified a cluster of HLresponsive stress resistance transcripts that are coregulated in aba1 and max4 mutants (Table III) : At3g20590 (NDR1) encodes a putative signal transducer of unknown molecular function; At5g64900 encodes a putative 92-amino acid protein that is the precursor of AtPep1, a 23-amino acid peptide that activates transcription of the defensive gene defensin (PDF1.2) and activates the synthesis of H 2 O 2 , both being components of the innate immune response (Huffaker et al., 2006) ; At5g64905 (PROPEP3) encodes an elicitor peptide 3 precursor paralog of PROPEP1 in Arabidopsis; At5g58120 encodes a putative disease resistance protein, intrinsic to membrane (TIR-NBS-LRR class), involved in signal transduction, defense response, apoptosis, and innate immune response (Meyers et al., 2003) ; At1g71400 encodes a CLAVATA2-related gene, located in the endomembrane system and also involved in stress response (Wang et al., 2010) ; At2g31880 (EVR_ SOBIR1) encodes a putative Leu-rich-repeat transmembrane protein kinase involved in the regulation of cell death and innate immunity (Gao et al., 2009) ; and finally, At5g52020 encodes a member of the DREB subfamily A-4 of the ERF/AP2 transcription factor family that could be the direct or indirect target of downy mildew effector proteins that promote disease susceptibility (Huibers et al., 2009) . Consequently, HL stress triggers a common and specific signaling pathway with aba1 and max4 mutants that controls stress resistance.
Arabidopsis leaves exposed to HL have been shown to activate the biosynthesis of ABA and to trigger an ABA-mediated signaling network responsible for the maintenance of the photochemical quenching required for dissipation of excess energy excitation (GalvezValdivieso et al., 2009; Galvez-Valdivieso and Mullineaux, 2010) . This new role for ABA is different from its welldocumented roles in, for example, dehydration stress, stomatal response, and pathogen defense and is consistent with a role in the compromised nonphotochemical quenching observed in aba1, where the nonphotochemical quenching induction is more rapid but has lower amplitude than in wild-type Arabidopsis (Pogson et al., 1998) . In aba1, the chlorophyll a/b ratio is higher and the F v /F m is lower than those respective ratios in wild-type Arabidopsis (Lokstein et al., 2002) . In addition, aba1 accumulates monomeric, instead of trimeric, light-harvesting complexes (LHC) and exhibits a delayed-greening virescent phenotype (Pogson et al., 1998) . Recently, Johnson et al. (2010) have demonstrated that changes in the xanthophyll content of several mutant lines of Arabidopsis or the oligomeric state of LHC significantly affect the chlorophyll fluorescence lifetime and the dynamic range between the light-harvesting and photoprotective states of LHC. These variations could favor 1 O 2 production in LHC and might also account for the transcriptional responses observed in aba1. In our study, ACSC showed several of the above physiological features described for aba1, such as a high chlorophyll a/b ratio, a low F v /F m ratio, and slow greening during growth. To the best of our knowledge, no relationship has been established between aba1 and enhanced 1 O 2 production in thylakoids of this mutant. Only two studies have demonstrated that aba1 is less tolerant to heat stress or salinity when these types of stresses are combined with HL (Cramer, 2002; Larkindale et al., 2005) ; however, neither of these studies indicates what type of ROS is produced under their experimental conditions. When the transcript expression profile of aba1 was compared with the set of transcripts specifically up-regulated with On the other hand, strigolactones have been proposed to have a positive effect on the gene expression of several photosynthetic genes, particularly associated with PSI and PSII and the enzyme Rubisco . In the tomato (Solanum lycopersicum) mutant named Slort1, deficient in strigolactone biosynthesis, a reduced level of chlorophyll was detected in leaves relative to the wild type . All this suggests that strigolactones are inducers of photosynthetic genes and that their absence provokes alterations in the photosynthetic apparatus. However, no information is available yet on whether their absence can also be responsible for an enhancement of oxidative stress in plant cells. As above, the comparison between the transcripts specifically up-regulated with 
CONCLUSION
Although there are several problems affecting the physiological and genetic quality of plant cell cultures (Cassells and Curry, 2001) , ACSC is a valuable cellular system for studying the activation of transcriptional defense responses under adverse stimuli. We conclude that chloroplasts of ACSC are functional organelles able to sense HL stress and initiate defense responses mediated by 1 O 2 -responsive transcripts, which closely correspond with the up-regulated transcripts of the flu mutant family of Arabidopsis. The set of up-regulated transcripts also included a remarkable number of transcription factors, most associated with the ROS signaling cascade but others associated with water deficit stress conditions. Furthermore, HL is responsible for the activation of a stress resistance signaling pathway similar to those observed in the aba1 and max4 mutants.
MATERIALS AND METHODS
Growth Conditions for ACSC
ACSC was kindly provided by the Institut de Biochimie et Physiologie Moléculaire des Plantes (Montpellier, France). The culture was maintained in 200 mL of liquid growth medium (Jouannea and Peaudlen, 1967; Axelos et al., 1992) by gentle agitation at 120 rpm and 24ºC under continuous illumination (50 mE m -2 s -1 ) in an incubator shaker (model innova TM 44/44R; New Brunswick Scientific). Cells were subcultured with a 1/20th dilution every 7 d.
Functioning of Chloroplasts: Respiratory and Photosynthetic Parameters
In order to determine the functioning of chloroplasts in ACSC, the following parameters were measured: oxygen consumption rate, mitochondrial respiration, F v /F m , and chlorophyll a/b ratio. Oxygen evolution rates were measured polarographically using the Chlorolab 2 system (Hansatech Instruments). A volume of 1 mL of ACSC at a cell density of 100 mg mL -1 was placed in the electrode chamber and incubated for a few minutes at 20ºC with constant magnetic stirring. Mitochondrial respiration was always monitored in the dark, whereas overall consumption or production of oxygen, depending on the growth stage, was measured at a light irradiance of 300 mE m -2 s -1 . The difference between the light and dark measurements yielded the photosynthetic oxygen evolution. The ratio F v /F m , where F v stands for the variable fluorescence and F m for the maximum fluorescence, was measured using the PAM-2000 Portable Chlorophyll Fluorometer (Heinz Walz). The chlorophyll a fluorescence induction was monitored by special fiber optics adjusted to the DW2/2 electrode chamber of the Chlorolab 2 system. The chlorophyll a/b ratio was determined spectrophotometrically (Porra et al., 1989) .
HL Stress Conditions
ACSC was grown for 9 d, until they reached a cell density of approximately 150 to 200 mg mL -1 . A volume of 200 mL was then transferred to a glass vessel, immersed in a water bath to maintain temperature at 24ºC during treatment, and stirred in front of a slide projector irradiating light at 1,800 mE m -2 s -1 . The culture was previously incubated in complete dark for 1 h before switching on the light. Control culture was subjected to the same procedure, but the light was kept at 50 mE m -2 s -1 . Aliquots of 10 mL were first collected at 10 and 30 min after HL treatment, then filtered and frozen in liquid nitrogen, and finally stored at -80°C until further analysis. Gadjev et al., 2006) . The selected transcripts were as follows: (1) At5g64870, a nodulin-like protein transcript (NOD) that specifically responds to 1 O 2 ; (2) At4g10500, a 2-oxoglutarate-Fe(II) oxygenase family transcript (2-OXO) that specifically responds to H 2 O 2 ; and (3) At2g43510, a defensin-like family transcript (DEF) that responds to general abiotic stress. The profilin family transcript (PROF) At2g19760 was selected as a housekeeping transcript for internal reference (Laloi et al., 2007) . The primers designed to amplify the selected transcripts are shown in Supplemental Table S6 .
RNA Isolation and Reverse Transcription-PCR Analysis
Total RNA was extracted with the acid guanidinium isothiocyanatephenol-chloroform method using Trizol reagent (Ambion) as described by Chomczynski and Sacchi (2006) . RNA was treated with TURBO DNase (Ambion) to eliminate traces of contaminating genomic DNA. DNA-free RNA was reverse transcribed using the PrimeScript first-strand cDNA synthesis kit from Takara Bio. Reverse transcription (RT)-PCR analyses were performed on the ABI PRISM 7000 sequence detector system (Applied Biosystems) using the SYBR Premix Ex Taq kit (Takara Bio) and the specific primers for the selected transcripts indicated above. The thermal profile of the RT-PCR consisted of an initial cycle at 95ºC for 30 s, followed by 40 cycles of 5 s at 95ºC, and a final extension at 60ºC for 20 s. Transcripts were amplified on a 96-well format plate by using three technical replicates of samples obtained from at least three biological replicates. Relative quantification of mRNA expression was then calculated using the mathematical method described by Livak and Schmittgen (2001) . Expression levels were normalized using the housekeeping transcript PROF.
Microarray Experiments
Transcriptomic analyses were performed using Affymetrix GeneChip Arabidopsis (Arabidopsis thaliana) genome ATH1 arrays. The quality of total, DNA-free RNA was first verified by using the 2100 Bioanalyzer (Agilent Technologies). All samples had 260:280 ratios greater than 1.8 and clear 18S and 28S ribosomal RNA bands. Retrotranscription was performed using the SuperScript Choice System for cDNA synthesis kit (Invitrogen) according to the manufacturer's instructions. Biotin-labeled complementary RNA was produced by in vitro transcription using the GeneChip 3# IVT Express Kit (Affymetrix). The biotin-labeled complementary RNA was then degraded by alkaline digestion and used for hybridization with ATH1 arrays. Technical steps such as target hybridization, washing, staining, and scanning of the arrays were performed sequentially as described in the Affymetrix GeneChip expression analysis technical manual using the Affymetrix one-cycle target labeling and control reagents, an Affymetrix GeneChip Hybridization Oven 640, an Affymetrix Fluidics Station 450, and an Affymetrix GeneChip Scanner 3000 7G. The Affymetrix GeneChip Operating Software was used to automate the control of GeneChip Fluidics Stations and Scanners and also to perform the transcript expression data analysis. Experiments were performed from at least three biological replicates. PCA was used as described by Johnson and Wichern (1998) in order to explore the variability between the replicates.
Microarray Data Analysis
Data from microarrays were standardized using quantile normalization and the robust multiarray average method (Bolstad et al., 2003) . Differential transcript expression was carried out using the Limma (Smyth, 2004) package from Bioconductor (http://www.bioconductor.org/). Multiple testing adjustment of P values was done according to Benjamini and Hochberg (1995) . Significantly overrepresented or underrepresented GO biological process terms were obtained using FatiGO and FatiScan from the Babelomics suite (http://babelomics.bioinfo.cipf.es/) as described previously (Al-Shahrour et al., 2004 . Multiple testing adjustment of P values was then carried out according to the false discovery rate method (Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2001) . GO terms were annotated from Ensembl 56 (http://www.ensembl.org; The Arabidopsis Information Resource 9).
Validation of Microarray Experiments
In order to validate the microarray experiments, 10 of the most upregulated transcripts after the HL treatment were selected from the list included in Supplemental Table S1 . The selected transcripts and their corresponding primers are shown in Supplemental Table S6 . In addition, the transcripts NOD, DEF, and 2-OXO, used previously to evaluate the early ROSmediated responses in ACSC, were also added to the validation. The detection of 1 O 2 was performed using the SOSG reagent (Molecular Probes, Invitrogen) as described previously by Flors et al. (2006) with minor modifications. SOSG was added to 9-d-old cultures to give a final concentration of 5 mM. Following the SOSG addition, ACSC was kept in the dark for 10 min and subsequently exposed to HL for 30 min as described above. After the HL treatment, an aliquot of 500 mL of ACSC was washed four times with 5 mL of 2.7 mM KCl, 147.3 mM NaCl, and 0.01 M sodium phosphate (PBS), pH 7.4, following centrifugation at 120g for 3 min at 4°C. The fluorescence emission was monitored in a confocal microscope (model DM IRB; Leica Microsystems) following excitation at 488 nm with an argon laser and a RSP500 excitation beam splitter. The fluorescence emission was collected at 500 to 575 nm. The detection of H 2 O 2 was carried out following a similar procedure but using the fluorescence probe DCFH-DA (Rhee et al., 2010) . Briefly, an aliquot of 500 mL of ACSC, previously exposed to HL stress for 45 min, was washed four times with 5 mL of 0.01 M PBS, pH 7.4, following centrifugation at 120g for 3 min at 4°C, acclimatized to 10 mM Tris-HCl, pH 7.4, and finally incubated with 5 mM DCFH-DA in the former buffer for 15 min at 25°C in the dark on a rotating plate shaker. Cells were then washed four times with 0.01 M PBS, pH 7.4, and visualized through an Eclipse E800 microscope (Nikon Instruments) with an excitation band from 450 to 490 nm and a 520-nm long-pass filter.
Detection
Control experiments included ACSC treated at LL for 30 min, ACSC treated with 20 mM bromoxynil at LL to induce the photoproduction of 1 O 2 in chloroplasts, and ACSC treated with 1 mM SA at LL to induce intracellular production of H 2 O 2 .
Spectrophotometric Detection of H 2 O 2 in ACSC
The concentration of H 2 O 2 was measured using a spectrophotometric assay based on the ferrous oxidation in the presence of xylenol orange method (De Michele et al., 2009) . A volume of 1 mL of Arabidopsis cells previously treated at HL for 30 min was centrifuged at 120g for 3 min at 4°C, then washed twice with 5 mL of 0.01 M PBS, pH 7.4, following centrifugation in the same conditions, and finally suspended in 1 mL of 0.01 M PBS, pH 7.4. The suspended cells were mixed with 200 mg of acid-washed glass beads, shaken vigorously for 30 min at 4°C, and centrifuged at 18,000g for 15 min at 4°C. An aliquot of 500 mL of the supernatant was then added to an equal volume of assay reagent [500 mM (NH 4 Approximately 100 mg of HL-treated cultures was disrupted with an electric homogenizer in Nonidet P-40 lysis buffer consisting of 20 mM TrisHCl, pH 8.0, 137 mM NaCl, 10% (w/v) glycerol, 1% (w/v) Nonidet P-40, 2 mM EDTA, 1 mg mL -1 leupeptin, 1 mg mL -1 aprotinin, 1 mg mL -1 pepstatin A, and 1 mM phenylmethanesulfonyl fluoride. The samples were sonicated for 10 s at a setting of 1 in a Virsonic 300 sonicator (Virtis Co.). The final homogenate was centrifuged at 12,000g for 3 min at 4°C. Protein concentration of the supernatant was determined using the bicinchoninic acid protein assay kit (Pierce) and bovine serum albumin (BSA) as the protein standard (Smith et al., 1985) . Protein samples of about 10 mg were subjected to 15% (w/v) SDS-PAGE and transferred overnight to nitrocellulose membranes. Nitrocellulose membranes were stained with Ponceau S solution (Applichem) for 1 min to visualize the protein transfer and then destained with water. The membranes were blocked with 5% (w/v) BSA, 0.6% (w/v) Tween 20 in 150 mM NaCl, and 50 mM TrisHCl, pH 7.4 (TBS; blocking buffer). For detection of the D1 protein (or PsbA), membranes were incubated overnight at 4°C with a polyclonal anti-PsbA (C-terminal) antibody (Agrisera) using a dilution of 1:5,000 in TBS. After extensive washing in 0.6% (w/v) Tween 20 TBS, the immunocomplexed membranes were probed for 1 h at 25°C with an anti-rabbit, peroxidase-linked secondary antibody using a dilution of 1:10,000 in 0.3% (w/v) Tween 20 and 0.1% (w/v) BSA TBS. Probed membranes were washed with 0.3% (w/v) Tween 20 TBS, and immunoreactive proteins were visualized by means of luminol-enhanced chemiluminescence reagents (Immuno-Star HRP substrate kit; Bio-Rad) and scanned using a Fluor-S MultiImager system (Bio-Rad). Western-blot bands were integrated using the ImageMaster 2D platinum software (GE Healthcare Bio-Sciences).
Meta-Analysis
Data from microarray experiments were clustered together with expression data obtained from key mutants and hormone treatments in Arabidopsis previously selected on the basis of our own microarray data analysis and a comparative analysis using Genevestigator (Hruz et al., 2008) . CEL.file data from mutants flu, flu/over-tAPX, over-tAPX, aba1, and max4 were obtained from the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/), and CEL.file data from plants treated with ABA, ACC, SA, and MeJA were provided by the AtGenExpress project (http://Arabidopsis.org/portals/ expression/microarray/ATGenExpress.jsp). Only transcripts presenting signal log 2 ratios of 1 or greater (induction) or -1 or less (repression) were considered for analysis. The hierarchical clustering analysis was then carried out using the TIGR Multiarray Experiment Viewer (version 4.4) software provided by The Institute for Genomic Research (Saeed et al., 2003) . Data were normalized using the robust multiarray average method. The selected transcripts were also assigned to specific functional categories using the Classification SuperViewer tool available at the Bio-Array Resource Web site (http://bar.utoronto. ca/ntools/cgi-bin/ntools_ classification_superviewer.cgi). A correlation analysis to evaluate the linear relationship between the different treatments was performed (Quinn and Keough, 2002) .
The raw microarrays data from the HL-treated ACSC have been deposited in the Gene Expression Omnibus database under accession number GSE22671.
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